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After binding newly synthesized peroxisomal matrix proteins in the cytosol, the second task of Pex5p, the peroxisomal cycling receptor, is to
carry these proteins to the peroxisomal membrane. Defining the nature of the events that occur at this membrane system and which ultimately
result in the translocation of the cargo proteins into the matrix of the organelle and in the recycling of Pex5p back to the cytosol, is one of the
major goals of the research in this field. Presently, it is generally accepted that all these steps are promoted by a large protein complex embedded in
the peroxisomal membrane. This docking/translocation machinery or importomer, as it is often called, comprises many different peroxins of which
one of the best characterized is Pex14p. Here, we review data regarding this membrane peroxin with emphasis on the interactions that it establishes
with Pex5p. The available evidence suggests that the key to understand how folded proteins are capable of passing an apparently impermeable
membrane may largely reside in this pair of peroxins.
© 2006 Elsevier B.V. All rights reserved.Keywords: Peroxisome; Protein import; PTS1-receptor; Pex5p; Pex14p; Importomer1. Introduction
Peroxisomal matrix proteins are synthesized on cytosolic
ribosomes and are post-translationally imported into the
organelle [1]. Specific targeting of these proteins into the
peroxisome is warranted by the existence of targeting sequences
in their primary structures and involves a complex machinery
comprising 10 or more peroxins (proteins involved in
peroxisomal biogenesis) [2–4]. There are two major well-
defined targeting sequences: the peroxisomal targeting signal
type 1 (PTS1), a C-terminal tripeptide with the sequence S–K–
L (or variants thereof) is found in the vast majority of
peroxisomal matrix proteins and is recognized by Pex5p; the
PTS2 is a degenerated nonapeptide generally present at the N-
terminus of some matrix proteins and is recognized by Pex7pAbbreviations: PTS, peroxisomal targeting signal; TPR, tetratricopeptide
repeats
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Pex5p is a remarkable protein exhibiting two important
properties. First, it displays a dual sub-cellular localization:
under normal physiological conditions a large fraction of the
protein is cytosolic and a minor portion localizes to the
peroxisome (reviewed in [7]). This relative distribution can,
however, be changed in a reversible way just by incubating
cells at low temperatures and/or in the presence of ATP-
depleting substances [8]. Second, Pex5p binds PTS1-contain-
ing proteins with a high affinity in the absence of a membrane
system, an interaction that involves the tetratricopeptide
repeats (TPR) present in its C-terminal half (reviewed in
[9,10]). These observations are at the basis of the so-called
cycling receptor model [8]. According to this model Pex5p
binds PTS1-containing proteins while still in the cytosol. This
Pex5p–cargo protein complex is then recognized by some
protein(s) of the peroxisomal membrane. After this docking
event, the cargo protein is translocated across the organelle
membrane and the receptor is released back into the cytosol in
order to promote further rounds of proteins import (see also
[11]). A similar model was proposed for Pex7p [12] although
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receptor–cargo protein complex to the peroxisomal membrane
[5,6].
Many independent observations corroborating and refin-
ing this model have been made in recent years. One of
the most significant was the demonstration that Pex5p and
Pex7p become transiently exposed to the peroxisomal
lumen during the protein sorting process [13,14]. It seems
that both PTS receptors do not just deliver their cargo
proteins to some translocase of the peroxisomal membrane
but, instead, may be directly involved in the translocation
step.
Major advances have also been made on the identification
and characterization of the membrane peroxins involved in
this process. These studies revealed the existence of an
intricate network of protein–protein interactions involving
basically all peroxins known [15] and led to the idea that
docking, cargo translocation and release of Pex5p back to the
cytosol are events all taking place in a large but possibly
ephemeral protein complex—the docking/translocation
machinery or importomer [16–19]. One of the core compo-
nents of the importomer is Pex14p, the star of this review
where we try to understand its role in the task of translocating
soluble already folded proteins across a membrane system
that is believed to be impermeable to small metabolites
[20,21].
2. Cloning of the gene encoding Pex14p
The genes encoding Pex14p from lower eukaryotes were
identified almost 10 years ago. Two different strategies were
used for this purpose: genetic complementation of yeast strains
unable to grow on carbon sources that require functional
peroxisomes for their metabolism [22] and a yeast two-hybrid
screening using Pex5p as bait [23]. Homology screening soon
led to the identification of Pex14p in several organisms, humans
included [24–26]. This in turn allowed the identification of
mutations in the Pex14 gene of patients affected with the
Zellweger syndrome [27], the most severe phenotype of the so-
called peroxisomal biogenesis diseases.
At the cellular level, lack of a functional Pex14p leads to the
retention of peroxisomal matrix proteins in the cytosol
[22,23,26,27]. However, these cells still possess peroxisomal
vesicles (peroxisomal “ghosts”) harbouring much of the protein
repertoire normally found in this membrane system, thus
excluding Pex14p from the group of peroxins promoting the
biogenesis of the peroxisomal membrane (see [28,29] in this
issue). These observations together with the entire protein–
protein interaction data presently available irrefutably implicate
Pex14p in the import of peroxisomal matrix proteins into the
organelle.
3. The protein linkage map of Pex14p
The central role of Pex14p in peroxisomal protein import
becomes obvious by viewing the complex network of its
interactions with other peroxins (Fig. 1). It should be noted,however, that the interpretation of this protein linkage map is
not a linear task for at least three reasons. First, many of the
techniques used to identify protein–protein interactions do not
distinguish between direct and indirect (bridged) binding.
Second, the identification of a binding partner does not
necessarily mean that it is mechanistically required for matrix
protein translocation into the peroxisome. For instance, Pex14p
interacts with Pex19p but this interaction is most likely related
to the biogenesis process of Pex14p itself (see below). Third,
most of the binding assays used fail to give an answer to the
important question whether the identified interactions occur
simultaneously or sequentially.
Pex14p has been originally identified in Saccharomyces
cerevisiae as a binding partner for both the PTS1- and PTS2-
receptor at the peroxisomal membrane and was therefore
assigned as the “point-of-convergence” of both import path-
ways [26]. Later studies revealed that the interactions with both
receptors are indeed direct and not bridged by other proteins
[30,31]. Pex13p, another membrane peroxin, shares the ability
to interact directly with both PTS-receptors in yeast [31–34].
Hence, both Pex13p and Pex14p are ideal candidates to serve as
docking proteins for the receptor–cargo complexes. Interest-
ingly, overexpression of either Pex13p or Pex14p in bakers
yeast blocked the import of PTS1 proteins [30]. A similar result
had been obtained by overproduction of Pex14p in the yeast
Hansenula polymorpha [22]. In contrast, simultaneous over-
expression of both Pex13p and Pex14p did not affect import
[30]. The authors concluded from their results that Pex13p and
Pex14p operate stoichiometrically in vivo.
The functional complexity of the Pex14p/Pex13p interaction
in yeasts is further underlined by a closer look at their molecular
interface. Two distinct interaction sites between these two
peroxins have been identified. A prolin-rich type II binding
motif in the N-terminal half of Pex14p binds to the cytoplasmic
SH3-domain of Pex13p [34–38]. Recently, Rottensteiner and
colleagues characterized a second Pex14p-binding site in
Pex13p, which is located at the lumenal side of the integral
membrane protein [39]. In the light of the unsolved question
concerning the topology of Pex14p (see Section 5) it will be of
great interest to determine its corresponding binding region.
Pex17p, which has been found only in yeasts, is another
component of the Pex14p interactom. It directly binds Pex14p
of S. cerevisiae and Pichia pastoris [40,41]. These protein-
interaction data together with protein purification studies in S.
cerevisiae [16] led to the proposal that Pex17p, Pex14p and
Pex13p comprise the so-called docking subcomplex. Deletion
of Pex17p does not affect the association of Pex14p with
Pex13p. On the other hand, when Pex14p is lacking Pex17p
becomes unstable and degraded [16,42] suggesting that Pex14p
is involved in the membrane anchoring of Pex17p. However,
besides the fact that Pex17p is required for matrix protein
import the function of this peripheral membrane protein at the
outer side of the peroxisomal membrane is not known yet.
Pex2p, Pex10p and Pex12p are three other components of
the importomer [16,43]. These three peroxins contain RING-
finger domains and can be isolated as a protein complex under
certain conditions [16]. However, this RING-finger subcomplex
Fig. 1. Protein linkage maps of yeast and mammalian Pex14p. Protein–protein
interactions of Pex14p of S. cerevisiae (A) and mammals (B) with other
peroxins are indicated by arrows. Solid lines indicate physical interactions
proven by in vitro binding or two-hybrid studies in heterologous systems, i.e.
bacterial two-hybrid assay. Dashed lines are used for interactions based on two-
hybrid analyses in homologous systems (yeast), split-ubiquitin assays and/or
immunoprecipitation results; some of these interactions may be indirect. For
more details and references see the text.
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conjugation with the PTS1-receptor, links the docking sub-
complex to the RING-finger subcomplex [16]. Further peroxins
which are at least transiently associated with the importomer are
Pex4p, Pex22p and Pex15p [44], all of which have been
proposed to be involved in the recycling process of the PTS1-
receptor. The direct binding partners within the importomer
remain to be identified.
Besides the apparent lack of Pex17p, the Pex14p interactom
of mammalian peroxisomes does not seem to differ markedly
from the yeast network of interactions (Fig 1). Both PTS-
receptors bind directly to Pex14p [24,45,46]. The complex
formation between Pex14p and Pex13p is also established in
mammals [47,48]. The long form of the PTS1-receptor Pex5pL,
which contains the conserved Pex7p-binding box, replaces the
targeting function of the yeast auxiliary proteins involved in the
PTS2 import pathway (reviewed in [6]). It remains to be
clarified whether the mammalian PTS2-receptor interacts with
Pex13p, as shown for the yeast counterparts.
Although the binding partners of Pex14p are almost identical
in yeasts and mammals the organization of binding domains,however, is apparently different. It has been reported that S.
cerevisiae Pex14p possesses two separate binding sites for the
PTS1-receptor Pex5p (see below) whereas the human Pex14p
contains only one at its N-terminus [46]. The N-terminal domain
is strongly conserved among all Pex14 proteins (see www.ncbi.
nlm.nih.gov/structure/cdd/cddsrv.cgi?uid=pfam04695). So far,
all attempts to identify a C-terminal Pex5p binding region in
mammalian Pex14p have failed [47].
Another apparent difference concerns the interface regions
between Pex14p and Pex13p. In yeast Pex14p, the interaction
with the SH3-domain of Pex13p occurs via the PxxP-motif
[36,37], which is absent in human Pex14p (see Fig 2). Although
stretches of prolin-rich sequences also occur in Pex14p
sequences from higher eukaryotes no interactions of this region
with the SH3 domain of Pex13p have been found. Instead, it
was shown for the human Pex14p that it binds Pex13p through
its N-terminal conserved domain, which also mediates the
interaction with Pex5p [47,49]. Very recently, Schell-Stevens
et al. identified in yeast Pex13p, outside of its SH3 domain, a
second Pex14p-binding site [39]. The corresponding interface
region of Pex14p has not been mapped yet, but the possibility
exists that yeast Pex13p binds through this second site to the
conserved N-terminal region of Pex14p, as was shown for the
human counterparts.
Considering the low sequence similarity between the
C-terminal regions of mammalian and yeast Pex14p it will be
also of interest to map the interface region of human Pex14p and
the PTS2-receptor.
The list of peroxins interacting with the N-terminal domain of
Pex14p is not confined to Pex13p and Pex5p. Surprisingly, human
Pex19p, a protein required for the targeting of peroxisomal
membrane proteins, also interacts with the conserved N-terminal
domain of Pex14p [49]. In agreement with these data, Itoh and
Fujiki [47] have shown that the minimal region of mammalian
Pex14p required for its peroxisomal localization comprises amino
acids 21 to 140. This fragment contains in addition to the Pex19p
binding site a putative transmembrane spanning segment which is
a prerequisite for its membrane insertion. The Pex19p binding site
of yeast Pex14p has not been identified so far.
Yeast and mammalian Pex14p are both able to form homo-
oligomers as demonstrated for Pex14p from S. cerevisiae and P.
pastoris by yeast two-hybrid analyses [17,23,50] and for
mammalian Pex14p by bacterial two hybrid assays [15] and
in vitro binding approaches [47,51]. It has been suggested that
a conserved motif predicted to form a coiled-coil structure is
responsible for homomeric oligomerization [23]. The interface
regions of mammalian Pex14p comprise amino acids 140 to
278, a domain that includes the coiled-coil motif [51]. This
result is further supported by an analysis of Itoh and Fujiki
showing that the coiled-coil region is required for dimerization
of mammalian Pex14p. In addition, the same authors demon-
strated that a hydrophobic stretch of amino acids which contains
a predicted transmembrane helix (amino acid residues 109 to
127) is necessary for homo-oligomerization [47].
There is indirect evidence for further non-identified binding
partners of Pex14p. In particular, Pex14p is a target for
posttranslational modifications. Both H. polymorpha and
Fig. 2. Schematical view on the structural properties of Pex14p. Conserved structural elements of S. cerevisiae Pex14p (A) and mammalian Pex14p (B) are the
N-terminal Pex5p-binding domain (yellow boxes), a hydrophobic region representing the predicted transmembrane span in human Pex14p and its corresponding
fragment in yeast Pex14p (red boxes), and a coiled-coil region (blue boxes). Numbers indicate the position of bordering amino acids. Minimal binding fragments for
interacting peroxins are also indicated. Yeast Pex14p contains within its Pex13p binding site the classical SH3-domain binding motif PxxP.
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unphosphorylated state [22,50]. This suggests that at least a
protein kinase, and probably a protein phosphatase, interact
temporarily with Pex14p. So far there is no clear indication that
phosphorylation of Pex14p is either required for peroxisomal
protein import or any other known cellular process. Finally, a
possible regulatory process in which H. polymorpha Pex14p is
involved is the selective degradation of peroxisomes [52].
Deletion of 31 or 64 amino acid residues from the N-terminus of
this protein results in mutant strains defective in pexophagy.
Further studies are needed to determine whether Pex5p or some
other still undefined protein is involved in this Pex14p-mediated
signal transducing pathway leading to pexophagy.
4. The Pex5p:Pex14p interaction at the magnifying lens
The molecular basis behind the Pex14p–Pex5p interaction
has been studied extensively in various organisms covering all
kingdoms of fungi, protista, plants and animals. A common
principle of all characterized interactions is that Pex14p
interacts with Pex5p via its N-terminal conserved domain
(Fig. 2). The core-binding region comprises approximately 50
amino acid residues and is located within the N-terminal 80
amino acids of Pex14p. It is not clear whether the additional
functions assigned to this domain (see above) occur via the
Pex5p interface or if this domain harbours more than one
interaction site.
What determines the specificity of Pex5p binding to the N-
terminal domain of Pex14p? In vitro studies revealed that
human Pex5p possesses multiple high-affinity binding sites for
the recombinant N-terminal domain of Pex14p. It is now well
established that mammalian Pex5p interacts with Pex14p via
seven pentapeptide repeats, which are all located within the N-terminal half of the PTS1-receptor [48,53]. These repeats, the
so-called WxxxF/Y motifs, are mainly characterized by two
aromatic residues, which have been demonstrated to be critical
for in vitro Pex14p binding [53]. All seven bind independently
of each other to Pex14p with high-affinity KD values ranging
from 1 nM to 100 nM as revealed by surface plasmon resonance
spectroscopy and fluorescence titration analysis [53]. In
agreement with these findings, a protein complex consisting
of Pex5p/Pex14p with a 1:5 stoichiometry was isolated from the
peroxisomal membranes of rat liver [54]. Interestingly, not all
WxxxF/Y motifs present in mammalian Pex5p seem to be
required for its function. This was demonstrated using a
C-terminally truncated fragment of Pex5p containing four
WxxxF/Y motifs and the Pex7p-binding domain. Using site-
directed mutagenesis, Pex14p binding to one or more WxxxF/Y
motifs could be abolished without impairing the import of
PTS2-containing proteins [48]. The data also show that at least
one of the high-affinity binding motifs is obligatory for the
targeting of the PTS2-receptor to the peroxisome. Whether or
not these findings can be extrapolated to the import pathway of
all PTS1-containing proteins remains to be determined.
WxxxF/Y motifs are found in the N-terminal half of all
known Pex5p proteins. However, their number and distances
vary from organism to organism. Interestingly, the characteriza-
tion of Pex5p proteins in various organisms opened the
possibility that the WxxxF/Y-motifs may perform other or
additional functions than just binding to Pex14p. A first hint
came from the observation that several Pex5p fragments
containing one or more WxxxF/Y motifs do not show
detectable affinity to the N-terminal domain of Pex14p. Neither
the two WxxxF/Y-motifs in S. cerevisiae Pex5p nor a fragment
containing all the three motifs of P. pastoris Pex5p interact with
Pex14p as assessed by yeast two-hybrid assays [55] or overlay-
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three WxxxF/Y-containing peptides derived from trypanosomal
Pex5p showed no detectable affinity to the N-terminal domain
of Pex14p in a fluorescence-based assay [57]. Finally, Pex5p of
Leishmania donovani contains three copies of the motif but
based on mutational analysis none of these is required for
binding to Pex14p in vitro [58]. Instead, a short fragment of 17
amino acids within the N-terminal half of Pex5p lacking
WxxxF/Y motifs is responsible for the high-affinity interaction
observed in this organism. On the other hand, there is indeed
direct evidence showing that WxxxF/Y motifs are capable of
interacting with other proteins besides Pex14p. Two motifs of
mammalian Pex5p have been shown to interact with both the
conserved N-terminal domain of Pex14p and the N-terminal
domain of Pex13p [48]. In the yeast S. cerevisiae, one of the
two WxxxF/Y motifs of the PTS1-receptor binds to an
unusual site of Pex13p located within its C-terminal SH3
domain [35–37].
Since Pex13p is also known as a docking protein, at least in
yeast, it could be speculated that a common function of WxxxF/
Y peptides is to provide initial binding sites for the receptor
cargo complex at the peroxisomal membrane. However, the
question arises why do some Pex5p, e.g. the human one,
possess so many WxxxF/Y-motifs although just one may be
sufficient. A possible answer is that several docking ligands
improve the targeting efficiency. In the face of the enormous
and various sizes of cargo proteins transported by Pex5p it is
possible that a single docking site in Pex5p would not warrant
recognition by the importomer due to steric hindrance by the
cargo. The existence of multiple docking sites in Pex5p would
circumvent this problem. An alternative explanation for the high
number of WxxxF/Y peptides is that they are used in a
sequential manner, perhaps even in different steps (e.g., in the
docking and translocation steps).
All in all, the functional heterogeneity of the WxxxF/Y
motifs requires that the consensus sequence defining the ligand
specificity of Pex14p has to be re-considered. Based on
prediction analyses it has been suggested that the pentapeptide
repeats are parts of amphipathic helices whereby the most
critical aromatic residues are positioned at one side of the helix
providing a hydrophobic anchor for Pex14p. The new results
may suggest that additional residues which lay between these
aromatic amino acids or outside of the pentapeptide must also
contribute significantly to the specificity of binding. Very
recently the binding site of S. cerevisiae Pex5p for the N-
terminal domain of Pex14p has been mapped [59]. In
accordance with previous results (see above) none of the two
WxxxF/Y motifs binds to the N-terminal domain of Pex14p in
two-hybrid analysis, but instead, a short fragment containing an
inverted pentapeptide motif (with the sequence FQEVW)
provides the single binding site for the N-terminal domain of
Pex14p. Site-directed mutagenesis proved that the conserved
tryptophan is indeed a critical residue for binding.
In future, further structural and biochemical approaches, like
combinatorial peptide scan analysis, will be helpful in defining
the ligand specificity of Pex14p. A new consensus would allow
us to distinguish between Pex14p-binding and non-bindingWxxxF/Y motifs, which in turn is a prerequisite to elucidate the
function of these conserved sequences for peroxisomal protein
import.
Very recently, a second Pex5p-binding site has been
identified in S. cerevisiae Pex14p [55,60]. This interacting
region is located in the C-terminal part comprising amino acids
250 to 308 [60] where it overlaps with an independent Pex7p-
binding site (see Fig. 2A). The cognate binding region of Pex5p
has not been characterized yet but both classical WxxxF/Y
motifs play a role in this interaction [55]. Since the involvement
of these motifs has been proven by yeast two-hybrid analyses
only it is not yet clear whether these motifs bind directly or
indirectly to Pex14p. So far, there is no indication that Pex14p
from any other organism contains this second binding interface
at the C-terminus as well.
5. The membrane topology of Pex14p
Defining the specific domains involved in a particular
protein–protein interaction is of course the first step that should
be made whenever the aim is to draw mechanistic implications
from that interaction. In the case of membrane proteins,
however, accomplishing this aim also requires knowledge on
their membrane topologies. What data do we have regarding
Pex14p? Biochemical analysis of Pex14p from all the organisms
studied thus far reveal that, unlike many peripheral membrane
proteins, Pex14p cannot be extracted from the organelle
membrane by sonication in the presence of solutions with
various ionic strengths [22,23,25,26,61]. Furthermore, with only
one exception (see below), incubation of organelles at pH 11.5
does not lead to the release of Pex14p from the peroxisomal
membrane of mammals, plants, trypanosomatids and several
fungi [22,25,45,50,61,62]. Thus, in the vast majority of the
organisms, Pex14p displays the properties of a typical intrinsic
membrane protein. Considering that 1) no data were ever
obtained suggesting that Pex14p is covalently attached to the
peroxisomal membrane (either via a lipid or another protein) and
2) there is one hydrophobic domain of approximately 16 amino
acid residues absolutely conserved in the primary structures of
Pex14p from virtually all the organisms characterized up to now,
the easiest way to rationalize the biochemical properties of this
peroxin would be to assume that Pex14p is a transmembrane
protein. However, unambiguous proof for this membrane
topology is still lacking, a fact that imposes some limitations
in our understanding of the function of this peroxin.
The uncertainties regarding the transmembrane nature of
Pex14p become particularly evident when the behaviour of
S. cerevisiae Pex14p is analysed. When the biochemical
properties of this protein were first described two different
results were obtained: Pex14p was found to be resistant to
alkaline extraction [23] or completely extractable by this
treatment [26]. More recently, this issue was reassessed. It
was shown that about half of this peroxin could be extracted
from the peroxisomal membrane by alkaline treatment while the
other half remained associated with the organelle membrane
[60]. Importantly, under exactly the same experimental condi-
tions, a truncated but partially functional version of yeast
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containing the N-terminal Pex5p-binding domain) was found to
be completely extractable by the alkaline treatment. These
observations have a major implication: the strong interaction of
Pex14p with the peroxisomal membrane derives from multiple
molecular contacts, of which some do not involve the putative
transmembrane domain (which is still present in the truncated
version of Pex14p used in these studies) and the peroxisomal
lipid bilayer but rather other Pex14p domains and other
peroxins present in the importomer. Thus, if we consider that
many peroxin–peroxin interactions that take place within this
machinery may change during the receptor mediated protein
transport cycle, as it is surely the case with the Pex14p–Pex5p
interaction, and that the strength of these interactions may well
be different in different organisms then the heterogeneous
behaviour of Pex14p upon alkaline extraction can be easily
understood. But these arguments should not be taken as
meaning that Pex14p is a classical peripheral membrane protein
either, because, as discussed below, all the available data
suggest that a domain of this peroxin is, at the very least,
partially embedded in the peroxisomal membrane.
In addition to the membrane extraction experiments
described above, two strategies have been used in order to
define the membrane topology of Pex14p: immunofluorescence
analysis of cell lines expressing epitope-tagged versions of
Pex14p and protease-protection assays. All the studies
performed up to now suggest that the C-terminal two thirds of
Pex14p are exposed into the cytosol [24,25,50,51]. Data on the
membrane topology of the N-terminus of Pex14p are not so
conclusive. Using an antibody directed to the first 134 amino
acid residues of human Pex14p in a immunofluorescence
analysis of a cell line expressing this protein, Will et al. noticed
that detection of Pex14p was possible only when the
peroxisomal membrane was completely permeabilized; under
conditions where only the plasma membrane was permeabilized
(leaving the peroxisomal membrane impermeable to antibodies)
no Pex14p-related fluorescence could be observed [25]. These
findings provide one of the strongest available arguments in
favour of a transmembrane topology for Pex14p, although care
should be taken in drawing definite conclusions because
solubilization of the peroxisomal membrane by detergents
may also release cytosolic exposed epitopes from steric
hindrance. Interestingly, a recombinant version of rat Pex14p
containing an epitope-tag at its N-terminus could not be
detected by immunofluorescence analysis at the peroxisomal
membrane of CHO cells using the anti-tag antibody, suggesting
that the N-terminus of this protein was shielded from the
antibody used by some membrane component(s) [24]. In this
case, however, protease protection assays using this cell line led
the authors to conclude that at the least the tag of the
recombinant Pex14p was exposed into the cytosol. A similar
observation was reported for a S. cerevisiae Pex14p recombi-
nant protein containing an epitope tag at the same location [23].
Whether or not the N-terminal residues of Pex14p that follow
these tags are also exposed into this compartment or are,
instead, completely embedded in the peroxisomal membrane
cannot be deduced from these experiments. In fact, datacompatible with this last possibility were obtained when rat and
mouse liver peroxisomes were subjected to protease protection
assays [51]. A domain corresponding to the first 130 amino acid
residues of Pex14p was found to be completely resistant to
proteolysis even when access of the protease to the lumenal side
of the peroxisomal membrane was warranted. Considering that
this domain is not intrinsically resistant to proteolysis, it was
concluded that the peroxisomal membrane itself protects this
Pex14p domain from proteolytic attack.
Information supporting a transmembrane topology for
Pex14p can also be found when the membrane topologies of
the two Pex14p-binding domains identified in yeast Pex13p are
analysed. Indeed, one of these domains resides in a segment of
the Pex13p protein that is exposed into the matrix of the or-
ganelle [39]. This observation led the authors to conclude that
yeast Pex14p spans the peroxisomal membrane at least
temporarily.
In summary, although there are several independent
observations supporting the possibility that the N-terminal
third of Pex14p is embedded in the peroxisomal membrane (see
hypothetical model in Fig. 3), the fact remains that our
knowledge on the structure (or structures) adopted by this
polypeptide chain within the importomer is rather limited.
Clearly, there are still many biochemical and cell biology
experiments to be performed but a definite answer may require
high-resolution structural data.
6. The membrane topology of Pex5p transiently associated
with the peroxisomal membrane
As stated previously, Pex5p shuttles between the cytosol and
the peroxisome during the protein transportation process.
Although under normal physiological conditions its residence
time at the importomer is probably quite short [63], a small
fraction of Pex5p can be detected at the peroxisomal membrane
and even isolated in complex with importomer components,
e.g., Pex14p. The biochemical properties of this membrane-
associated pool of the PTS1-receptor are completely different
from the ones displayed by cytosolic (soluble) Pex5p. Indeed,
Pex5p from virtually all organisms characterized to date is an
extremely labile protein highly sensitive to proteolytic
cleavage. This property, which was behind a long-lasting
debate regarding the sub-cellular location of Pex5p (see [7]),
reflects the natively unfolded nature of a large portion of its
polypeptide chain [64]. Remarkably, however, when Pex5p
becomes associated with the peroxisomal membrane it acquires
a high resistance to exogenously added proteases as long as the
organelles are kept intact [54,65,66]. Protease-protection assays
using rat liver peroxisomes revealed that a small domain of this
membrane-associated Pex5p with approximately 2 kDa is
exposed into the cytosol while the bulky part of the molecule is
exposed into the organelle matrix [54]. Subsequent studies [67]
demonstrated that the small cytosol-exposed domain corre-
sponds to the N-terminus of the protein leading to the proposal
that the C-terminal cargo-binding domain of this Pex5p
population faces the matrix of the organelle (the functional
implications of this membrane topology are discussed in the
Fig. 3. Membrane topology model for a transient mammalian Pex5p/Pex14p
complex. The N-termini (N) of Pex5p and Pex14p as well as the C-terminus (C)
of Pex14p are exposed into the cytosol. The C-terminus of the transmembrane
form of Pex5p including its PTS1-interacting tetratricopeptide repeat (TPR)
domain is located within the peroxisomal matrix. The part of Pex14p which is
protease-protected by the peroxisomal membrane consists of the N-terminal
Pex5p-binding domain and a stretch of approximately 50 amino acids including
the putative transmembrane helix (serrated line). The transmembrane segment(s)
of Pex5p has (have) not been identified yet. It seems likely that this part includes
one or more WxxxF/Y-peptides which mediate the binding to the N-terminal
Pex5p- binding domain of Pex14p. The proposed model is based on published
experimental data regarding the topology of both proteins and their interaction.
Existing data do not provide an answer to the question how the transmembrane
domains of both proteins, i.e., the hydrophilic N-terminal domains of Pex14p
and Pex5p, are embedded in the peroxisomal membrane. Other components of
the importomer probably shield these domains from the hydrophobic
environment of the membrane.
1580 J.E. Azevedo, W. Schliebs / Biochimica et Biophysica Acta 1763 (2006) 1574–1584next sections). Finally, although Pex5p does not contain any
predictable membrane-spanning domain, the interaction of
Pex5p with the organelle membrane is quite strong, as judged
by its resistance to alkaline extraction in some organisms
[54,68–70]. Altogether, these data suggest that at least a portion
of the N-terminal half of Pex5p is embedded in the peroxisomal
membrane where it interacts strongly with some component(s).
Considering the proposed membrane topology for the N-
terminal domain of mammalian Pex14p and its Pex5p-binding
properties it seems reasonable to assume that one of the
components mediating the interaction of Pex5p with the
peroxisomal membrane is Pex14p (see Fig. 3).
7. The functions of Pex14p
Ascribing a specific function to Pex14p is not an easy task.
In principle any peroxisomal membrane peroxin with the ca-
pacity to interact with Pex5p could be directly involved in the
docking step of the Pex5p–cargo protein complex at the
organelle membrane, in the insertion of Pex5p into the
membrane, in the release of the cargo-protein from the receptor
into the matrix of the organelle, in the export step of
peroxisomal Pex5p back to the cytosol, for instance by
delivering the PTS1-receptor to the ATPases that promote this
process, or even in some quality control step occurring in theimportomer. Obviously, it is also possible that a given peroxin
(or peroxin domain) is involved in more than one of these steps
because many of these events may occur within a protein
complex. On a theoretical basis this possibility implies that
there may exist steps that require at least two functional
peroxins (obligatory complementarity) and steps that may be
partially accomplished by any one of at least two peroxins
(partial redundancy). In addition to these two phenomena it has
to be considered that deletion or mutation of a peroxin-encoding
gene may also cause alterations on the other components of the
importomer. With this in mind we will discuss data on Pex14p
and Pex5p that have been used to draw mechanistic conclusions
on the process of protein translocation across the peroxisomal
membrane.
7.1. Pex14p as docking protein for receptor–cargo complexes
It is a fact that deletion of any gene encoding a component of
the importomer leads to a strong defect in peroxisomal matrix
protein import. However, these mutant cell lines still possess
peroxisomal ghosts containing many intrinsic membrane and
membrane-associated proteins. One of these proteins is Pex5p.
Interestingly, the amount of Pex5p that can be detected in the
peroxisomal membrane depends on the peroxin that is lacking
in these mutants. For instance, in mammalian cells lacking
Pex2p, Pex12p or Pex13p the amount of Pex5p present in these
ghosts is normal or even increased when compared to the levels
of peroxisomal Pex5p detected in wild type cells [8,71]. In
contrast, in cells lacking Pex14p no such effect could be
observed. Furthermore, overexpression of Pex14p (but not of
Pex13p, Pex10p or Pex12p) increases the amount of Pex5p
associated with the peroxisomal compartment [71] strongly
suggesting that peroxisomal Pex14p can serve as a docking
protein for Pex5p. This conclusion is in agreement with the
earlier observation that binding of P. pastoris Pex5p to full-
length Pex14p in vitro is somehow increased in the presence of
a PTS1-containing peptide [56].
Additional function-oriented studies regarding Pex14p were
described recently. In one work the minimal domains of
mammalian Pex14p required to restore peroxisomal matrix
protein import in a pex14-mutant CHO cell line were
determined [47]. The authors concluded that a truncated version
of Pex14p comprising amino acid residues 21–200 was efficient
(although less than the complete peroxin) in restoring the import
of PTS1- and PTS2-containing proteins into the organelle. This
region comprises the N-terminal Pex5p-binding domain of
Pex14p, its putative membrane spanning domain and the coiled-
coil domain (see Fig. 2). Very similar results were obtained in
H. polymorpha: expression of a truncated version of Pex14p
lacking the last C-terminal 124 amino acid residues in a pex14-
null strain led to the partial restoration of the peroxisomal
compartment [52]. Strikingly, deletion of the corresponding
region from S. cerevisiae Pex14p results in a severe Pex-
phenotype—both PTS1- and PTS2-containing proteins were
found in the cytosol [55,60]. At a first sight these results may
seem quite contradictory: the C-terminus of Pex14p from S.
cerevisiae comprising the C-terminal Pex5p-binding domain is
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other organisms deletion of the corresponding region does not
affect much this process. Are we in the presence of major
mechanistic differences? Not necessarily. If two different
peroxins (or peroxin domains) collaborate in the same function
than we can envisage that the importomer may still retain some
residual activity when one of these components is missing. The
percentage of functionality retained may depend on the exact
importance of each of these two peroxins in that particular step
and this may vary from organism to organism. In some
organisms (e.g., S. cerevisiae) a strong blockage of the import
pathway may occur when the C-terminal Pex5p-binding domain
of Pex14p is ablated; in others (e.g., mammmalian cells; H.
polymorpha) only a minor effect may be observed. But what is
the step involving the C-terminal Pex5p-binding domain of yeast
Pex14p? If we consider the fact that this domain of Pex14p is
exposed into the cytosol and that it also comprises the Pex7p-
binding site, then a role in the docking step seems more likely.
7.2. Involvement of Pex14p in the translocation step
As discussed in the previous sections, Pex14p is one of the
best candidates to provide a docking site (or, at least, part of it)
for the receptor–cargo protein complexes at the peroxisomal
membrane. However, an increasing amount of evidence raises
the possibility that the function of Pex14p goes well beyond this
role. One of the first observations pointing into this direction
came from the work of Salomons et al. [72]. Deletion of the
gene encoding Pex14p in H. polymorpha leads to a pex-
phenotype, as expected. Remarkably, however, overexpression
of Pex5p in this pex14-null strain stimulates the import of
alcohol oxidase and dihydroxyacetone synthase, two perox-
isomal enzymes of this methylotrophic organism, but not of
catalase and two recombinant PTS1-containing proteins. This
effect was shown to be independent of the PTS1-signal present
in all these proteins leading the authors to conclude that the
problem in this strain resides in some step downstream of the
docking event. The observation that the small amount of Pex5p
detected at the peroxisomal membrane of these cells was
sensitive to exogenously added proteases (in contrast to the
situation in wild type cells) supports this conclusion [72]. Thus,
translocation of some peroxisomal proteins across the organelle
membrane is still possible (although at a lower rate) in the
absence of Pex14p, whereas other proteins are apparently more
demanding. This suggests that the Pex5p–Pex14p interaction is
not absolutely necessary for the translocation itself but rather for
its efficiency. (It is intriguing that the peroxisomal import of
alcohol oxidase from H. polymorpha was shown recently to be
independent of the TPR domains of Pex5p. Indeed, the N-
terminal half of Pex5p per se is capable of promoting the
peroxisomal import of this enzyme [73], a phenomenon also
reported for S. cerevisiae acyl-CoA oxidase [74]. Although it
remains unknown whether dihydroxyacetone synthase presents
similar properties it is tempting to speculate that Pex14p is
particularly required for translocation whenever the cargo
protein is bound to Pex5p through its TPR domains, the
classical cargo-binding site).A similar conclusion regarding a role of Pex14p in increasing
the efficiency of the translocation step was reported recently.
Pex14-null S. cerevisiae strains are incompetent in importing
peroxisomal proteins into the organelle. However, expression of
a truncated form of Pex14p lacking the N-terminal Pex5p-
binding domain in one of these strains results in the partial
restoration of the peroxisomal compartment [60].
Additional data suggesting that Pex14p is in some way
involved in the translocation step have been described also for
the mammalian system. Using an in vitro approach to study the
cytosol-peroxisome trafficking of Pex5p two different, but
mechanistically linked populations of Pex5p transiently asso-
ciated with the peroxisomal membrane were detected [67]. In
contrast with the docking and insertion step of Pex5p into the
peroxisomal membrane, it was found that transition of one of
these populations into the other is a slow process that can be
completely blocked at low temperatures [63]. In addition, it was
also shown that both populations of Pex5p are completely
accessible to proteases only when the peroxisomal membrane is
disrupted. Thus, they probably represent post-translocation
intermediates. Importantly, both populations could be co-
immunoprecipitated with Pex14p under stringent solubilization
conditions thus suggesting that this peroxin remains in contact
with Pex5p during at least two of the steps that occur in the
importomer after the docking event [67].
Finally, there is yet an additional point that is worth
mentioning and this is the energetics of the Pex5p–Pex14p
interaction. Both the in vitro binding studies as well as the
properties of the protein complexes isolated from rat liver and
yeast suggest that no other component of the importomer
interacts with Pex5p with such a high affinity (and avidity) as
Pex14p does [16,18,53]. This could indicate that Pex5p reaches
a minimum in its free energy upon interacting with Pex14p
implying that all the subsequent steps occurring at the
importomer require energy input. If in addition we consider
that translocation of cargo proteins across the organelle
membrane is most likely linked to the insertion of Pex5p into
the peroxisomal membrane [75] and that this step does not
require energy in the form of ATP or a membrane potential
[65,76–78] then we would have to conclude that Pex14p is
involved in the translocation event itself. Energy provided by
ATP hydrolysis would only be required in downstream steps to
disrupt the interaction of Pex5p with Pex14p and other
importomer components in agreement with the idea that ATP
is only necessary in post-translocation events, for example in the
export of Pex5p back into the cytosol [19,65,77].
8. Final conclusions
The data discussed above provide several arguments to
support the involvement of Pex14p in both the docking and
translocation steps of the Pex5p-mediated protein import
pathway. While a role of Pex14p in the docking event was
proposed a long time ago and seems not to be an issue of
controversy among researchers in the field, the proposal that
Pex14p also participates in the translocation step is a relatively
recent idea requiring some clarification. What might be the role
1582 J.E. Azevedo, W. Schliebs / Biochimica et Biophysica Acta 1763 (2006) 1574–1584of this peroxin in the translocation event? We have seen that
some proteins can be translocated across the peroxisomal
membrane in the absence of Pex14p; others, however, seem to be
completely dependent on Pex14p. We still do not know the
detailed properties of these peroxisomal matrix proteins that
dictate their Pex14p-dependence but the data of Salomons et al.
[72] already suggest that PTS1-containing proteins that interact
with Pex5p exclusively through its TPR domain are particularly
difficult cargoes for the importomer requiring the intervention of
Pex14p. How are these classical PTS1-containing proteins
translocated across the peroxisomal membrane? We have
discussed data suggesting that the function of Pex5p goes well
beyond its role as a receptor. The fact that Pex5p becomes
exposed to the peroxisomal lumen at some step of the protein
transport cycle together with the membrane topologies of the
Pex5p populations transiently associated with the organelle
membrane cannot be conciliated with a receptor-only function.
If, in addition to these data, we consider the properties of the
insertion process of Pex5p into the peroxisomal membrane (see
above) and the observation that no other peroxin was shown to
interact with PTS1-containing proteins despite several attempts
[79], then we have to conclude that Pex5p itself carries these
proteins across the peroxisomal membrane. Taken a step further,
this model predicts that PTS1-containing proteins are translo-
cated across the peroxisomal membrane because the TPR
domain of Pex5p to which they are bound is moved across the
organelle membrane. It has been proposed that the energy
required for insertion of Pex5p into the peroxisomal membrane
derives from protein–protein interactions involving the N-
terminal half of Pex5p on one side and the importomer
components on the other [77]. The N-terminal Pex5p-binding
domain of Pex14p is the best candidate to participate in this
event. The function of Pex14p at this step could be two-fold: by
interacting with Pex5p, Pex14p could 1) provide an extra dose of
power necessary for the membrane translocation of the more
demanding proteins and/or 2) contribute to the formation of the
hydrophilic channel that has to be created at the peroxisomal
membrane whenever bulky, hydrophilic and globular proteins
(the TPR domain of Pex5p included) move across this
membrane system. The fact that Pex14p has the capacity to
oligomerize would be compatible with such a model. It is
implicit in this model that Pex14p does not provide the power
nor it constitutes the channel required for protein transloca-
tion: it just participates in both. What peroxin(s) then provide
these two major requirements? Obviously, Pex14p is not the
only component of the importomer and other peroxins (e.g.,
Pex13p) could fulfil these needs. However, the answer to this
question may also come from the least probable of the
suspects—Pex5p. We are still very far of understanding all
the properties of this protein but, as proposed recently, Pex5p
itself may very well provide the channel required for protein
translocation across the peroxisomal membrane [80].
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